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ABSTRACT
FUNDAMENTAL STUDIES OF CHARGE TRANSPORT FOR OPTOELECTRONIC
PROCESSES: NANO-STRUCTURE ELECTRODES FOR PEROVSKITE
SOLAR CELLS AND ELECTROCHROMIC DEVICES

Qinglong Jiang, Ph.D.
Department of Chemistry and Biochemistry
Northern Illinois University, 2015
Tao Xu, Director
Charge transport at interfaces and in bulk phases governs the efficiency and
performance of various heterojunction optoelectronic devices such as solar cells and
electrochromic devices. In this dissertation, research on charge transport processes in two
different optoelectronic devices (nanostructured heterojunction photovoltaic cells and
electrochromic devices) is presented.
Due to the increment of dark current and electron transport resistance in thicker layer,
current lead halide perovskite solar cells have a photoactive layer no more than 600 nm thick.
In order to develop a thicker photoactive layer, TiO2 nanowires (NWs) have been synthesized.
These rutile NWs arrays with different length have been used as photoanodes in perovskite
solar cells, and we achieved 11.7% efficiency, which is 2% (absolute value) higher than the
best values reported in the literatures for perovskite solar cells using nanowires as a
photoanode. In order to maximize the attainable photovoltage, perovskite solar cells use as
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the back cathode low chemical potential, high work-function (φ) precious metals, such as
gold (φ=5.1 eV). Herein, we report a set of perovskite-type solar cells with nickel (φ=5.04
eV), an earth abundant element and non-precious metal, as back electrode. These cells
achieve nearly the same open circuit voltage as gold, and an efficiency of 10.4%. This opens
a low-cost way towards high efficient perovskite solar cells.
Lots of solar cell research has been done to increase efficiency and replace lead with
non-toxic tin, organic hole transport material (HTM) with cheaper inorganic HTM, and noble
metal Au with cheaper materials. Decomposition of perovskite materials in moist air is the
main barrier for application of perovskite solar cells. Only a few studies have been performed
to improve the stability of perovskite materials for this type of solar cell, such as using
FAPbI3 instead of MAPbI3 and changing the morphology of perovskite materials. It is known
that pseudohalides have similar chemical properties and behaviors as halogens. Here, a new
perovskite material for this type of solar cell with Pb(SCN)2 as lead source was synthesized.
This new material has shown more than 4 hours of stability in the accelerated experiment
under air with 95% humidity, compared to less than 2 hours with CH3NH3PbI3 perovskite
material.
In order to obtain a better response time and low driving voltage, a solid-state
electrochromic (EC) device based on 3-D conductive fluorinated tin oxides (FTO) nanobeads
electrodes with over 500 roughness factor was developed. The 3-D conductive FTO
nano-beads electrode reduced the driving voltage to less than 1.2 V and the response time to
272ms, in comparison to 2.5 V and 2 s for a 2-D flat FTO film as the electrode.
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CHAPTER 1
INTRODUCTION
1.1 Energy and Solar Cells
In the past century and this new century, energy has been one of the most important scientific
and technological challenges for the world. Energy sources such as gas, oil and electricity are
more and more important in our everyday life. Due to affordable energy prices, economic
growth in many parts of the world during the past decade was sustainable. Right now, most of
the world’s energy requirement is obtained from oil, coal and natural gas, which cause global
warming and pollution. Due to the explosive growth of global population, the exponential
energy demand is exhausting our fossil fuel supply at an alarming rate. About 13 terawatts
(TW) of energy is needed to sustain the current lifestyle worldwide. By the year 2050, we
will need an additional 10 TW of clean energy to maintain the predicted lifestyle.1 Obtaining
CO2-neutral sources of energy is of paramount interest. The supply of clean sustainable
energy is considered as one of the most important scientific and technical challenges facing
humanity in the 21st century.2 Figure 1 is the global solar irradiance. The energy of 1 hour
from the sun can supply the whole world for 1 month. Photovoltaic (PV) generation is
considered to be an ideal energy conversion process that can meet this requirement.
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Figure 1. Global solar irradiance.
(http://vroum52.com/geographie.img/Ensoleillement-carte-du-monde-ensoleillement-annuel-climats-d
ans-le-monde.JPG)

The first crystalline silicon (c-Si) PV devices were demonstrated in 1954 in Bell Laboratories.
Commercially available solar cells are currently based on inorganic silicon semiconductors.
They exhibit high power conversion efficiencies (PCEs) of >20%. Varieties of solar cells
were developed as shown in Figure 2.
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Figure 2. Classification and development of solar cells. (www.nrel.gov/ncpv/images/efficiency_chart.jpg).
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1.2 Characterization of solar cells
1.2.1 Open circuit photovoltage (Voc), short circuit photocurrent (Jsc) and fill factor (FF)
Voc
Voc is the potential between the two electrodes in the solar cell under light illumination and
with the circuit open. Theoretically, the Voc is defined as the difference between the Fermi
level of the semiconductor and the redox potential of the hole-conductor. It is measured when
the current through the cell is equal to zero, (an open circuit). Many factors can affect the Voc.
Jsc
The photocurrent density Jsc is defined as the photocurrent per unit area (mA/cm2) when the
cell is short circuited under illumination. It is strongly related to the IPCE(incident photon to
current efficiency), and theoretical values for the Jsc can be calculated from the IPCE
spectrum. Factors that can affect Jsc include the light intensity, light absorption and injection
efficiency.
FF
As shown in Figure 3a, the fill factor (FF) measures the ideality of the device and is defined
as the ratio of the maximum power output per unit area to the product of Voc and Jsc (area
within the grey square divided by the area of the light blue in Figure 3a. High series
resistance (or inner resistance) will influence the FF. High series resistance will give a low
fill factor and a decreased overall efficiency.
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Figure 3. a. I-V curve and FF of solar cell; b. equivalent circuit for solar cell.

In order to understand how the solar cell works, an electrically equivalent model can be used,
as shown in Figure 3b. No solar cell is an ideal one. As a result, a solar cell can be modelled
by a current source (IL) with a parallel diode (ID), a shunt resistance (Rsh) and a series
resistance (Rs).
The output current and voltage can be express in the following equations:
I= IL- ID-ISH
Vj=V+IRs
Where Vj is the voltage across diode and Rsh, V is voltage across the output terminals; I is
output current.
1.2.2 Electricity conversion efficiency of solar cell
Incident photon to current conversion efficiency (IPCE)
Monochromatic incident photon-to-electron conversion efficiency (IPCE) is defined as the
ratio of Ne/Np, where Ne is the number of produced electrons in the out circuit and Np is the
number of incident photons). The mathematical expression is shown in the equation:
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IPCE = 1240·Jsc / (λ·Pin)
Where, λ is the wavelength of the incident light and Pin is the intensity of the incident light.
The unit for Jsc, λ and Φin are mA/cm2, nm and W/m2 respectively.
Considering the process during the production of photocurrent, the relation between IPCE,
LHE (light harvesting efficiency), ηCI (charge injection efficience) andηcc (charge
collection efficiency on back contact) can be expressed in the equation:
IPCE =LHE·ηCI·ηcc
Solar Energy to Electricity Conversion Efficiency (η)
The overall solar energy to electricity conversion efficiency of a solar cell is the most
important parameter. It is defined as the ratio of the maximum output of the cell divided by
the power of the incident light. It can be determined by the photocurrent density measured at
short circuit (Jsc), the open circuit photovoltage (Voc), the fill factor of the cell (FF), and the
intensity of the incident light (Pin) as shown in following equation:
η= Popt / Pin = (FF × Isc × Voc) / Pin
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1.3 Mesoscopic solar cell and perovskite solar cell
1.3.1 Background
Crystalline silicon (c-Si) solar cells exhibit very high power conversion efficiencies (PCEs)
of >20%. However, the production cost at large scale due to tedious processing conditions is
still high, which escalate its payback time. This calls for the development of new types of PV
cells with the potential to radically diminish manufacturing costs, through the development of
organic, inorganic or hybrid materials systems that can be employed as thin films.3
Cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) are second-generation
thin-film solar cells, which demonstrate PCE of 19.6% for 1 cm2 cells.4 However, they are
facing difficulties in large-scale production.5 Due to its low cost and ease of fabrication,
mesoscopic solar cells are viable candidates as third-generation low-cost PV devices.
Dye-sensitized solar cells (DSSCs) are typical mesoscopic solar cells, which are superior to
other new PV technologies and are under production across the globe. In DSSCs, the device
architecture comprises nanostructure TiO2 as an electron conductor, a dye as light absorber, a
redox shuttle for dye regeneration, and a counter electrode to collect electrons and reduce
positive charges generated through the cell. Currently in DSSCs >13.0% PCE is reported at
lab scale and 10% in module.6,7
1.3.2 Dye sensitized solar cell (DSSC)
The first Nature paper about DSSC was published by Grätzel in 1991.8 In the last 20 years,
effort has been devoted to the synthesis and investigation of materials for DSSCs.
Fundamental understanding of the working principles has been gained by means of modeling
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electrical and optical properties as well as by advanced characterization techniques. The best
efficiency was reported in 2011 by Grätzel with over 12% efficiency.7 The mechanism of
DSSC is described in Figure 4.9

Figure 4. Mechanism of DSSC.

Theoretically, the voltage of the solar cell is defined by the difference between the Fermi
level of TiO2 and the Nernst potential of the redox couple in the electrolytes.8,10
1.3.3 Perovskite Solar Cells
The efficiency of DSSC with liquid electrolytes has reached 13% over more than 20 years. It
is still far away from application due to the evaporation and corrosion of electrolytes.
Although DSSC based on solid hole transport material solved the problem of liquid
electrolytes, the efficiency remains low.
Perovskite solar cells are developed from DSSCs. The energy diagram is shown in Figure 5,
which is similar to that of DSSC. It also involves excitation, ejection, regeneration,
recombination and migration as described in DSSC.
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Figure 5. Energy diagram of perovskite solar cell.11

Perovskite type CH3NH3PbI3 is a Pnma space group orthorhombic semiconductor, as shown
in Figure 6. The CB and VB are -3.93 eV and -5.43eV with a band gap of 1.5eV, which
enable this semiconductor to absorb light with a wavelength as long as 800 nm as shown in
Figure 6.

Figure 6. FCC structure of perovskite-structured CH3NH3PbI3 and APCE.

The

first

paper

about

hybrid

organic-inorganic

solid

state

solar

perovskite-structured CH3NH3PbI3 as the active layer was published in 2009.

cells
12

with

Three years

later in 2012, the efficiency had a breakthrough of 10.9%.13 One year later in 2013, two
Nature papers by Dr. Gräetzel and Dr. Snaith separately reported over 15% efficiency.14,15 In
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late 2014, the efficiency of this type of solar cell reached about 20%,16 which emerges as the
most promising candidate for the next generation of solar cells. Since then, it has attracted
wide attention in the solar cell community and lots of progress has been made.
Usually, it has a sandwich structure as shown in Figure 7. A layer of TiO2 is used on FTO
glass as the photo electrode. Perovskite-structured CH3NH3PbI3 is spin-coated or dip coated
as the active layer. The HTM layer with additives is spin-coated. Finally, gold or silver is
thermo-coated as the back electrode.

Figure 7. SEM image of cross section for real perovskite solar cell15 and energy level.17

Some of the remarkable research has been summarized in Table 1.
Table 1. Progress in perovskite solar cells.
Year

Event

Others

Ref.

2009.4

1st cell

η=3.8%

12

2012.11

Al2O3, over 10%

η=10.9%

13

2013.2

CNPB, PDI

Voc=1.3V

18

2013.5

Rutile TiO2, NW rod

η=9.4%

19

2013.7

Eff. Over 15%

2 steps

15

ZrO2

η=10.8%

20

2013.9

Vapour depst. BL only

η=15.4%

14

2013.10

Over 1µm diffusion

Abs. Coe.=57k/cm

21

2013.12

HTM: CuI

stable than spiro

17

Graphene

η=15.6%

22

Flexible, low T

η=11.5%

23

2014.1

11

NH2CH=NH2PbI3

η=7.5%

24

HTM free

η=10.5%

25

Additive

η=11.8%

26

ZnO

η=4.8%

27

Graphene QD

η=10.2%

28

2014.3

TiCl4, low T, rutile

η=13.7%

29

2014.5

Pb free, SnI2

η=5.73%

30

HTM: CuSCN

η=12.4%

31

2014.8

Y:TiO2

η=19.4%

16

2014.10

Ni replace Au

η=10.4%

11

2014.12

TiO2 NWs, rutile

η=11.7%

32

2014.2

3-D structure perovskite solar cell
Typically, a layer of 3-D TiO2 is used as the photoanode as shown in Figure 8.13,15,19,29,32
These 3-D structures play the role of electron buffer layer, structure supporting layer and
reflection layer. ZnO is also used as a photoanode.27 It has been reported to have over 11%
efficiency.33 Al2O3 can also be used as the photoanode with a reported efficiency of 8.3%.34
Until now, TiO2 is still the best material for perovskite solar cells.

Figure 8. Perovskite solar cell with 3D-TiO2 as photoanode.32

Planar structure perovskite solar cell
Planar structure perovskite solar cells have no mesoporous structure TiO2, only a layer of
oxides used to block the recombination of photo electrons.14,16 Usually, compact TiO2 is
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sprayed or spin coated on TCO (FTO or ITO). Typical planar structure perovskite solar cells
are shown in Figure 9. As can be seen, no 3-D oxides are used in the cell.

Figure 9. Typical planar structure perovskite solar cells.14

HTM layer for perovskite solar cell
A typical HTM layer for perovskite solar cell contains spiro-OMETAD, lithium
bis-trifluoromethane sulfonamide, 4-tert-butylpyridine and solvent.

Modification of

spiro-OMETAD was carried out by several research groups. Methoxy substituents of
spiro-OMETAD was reported with enhancement in FF and PCE.35 Enhanced hole
conductivity was discovered by using dicationic salt of spiro-OMETAD.36 Other organic
HTM materials, such as carbazole based materials,37 thiophene based materials38, quinolizino
acridine based materials39 and pyrene arylamine type materials,40 were also reported with
good efficiencies (9.8%, 13.8% 12.8% and 12.4%). Meanwhile, inorganic materials were
introduced as HTM for perovskite solar cell, such as CuI17 and CuSCN31 with efficiencies of
6.0% and 12.4%, respectively.
Although HTM-free perovskite solar cells have been reported by Ma Tinglin 9%,41 Meng
Qingbo 10.5%,25 and Han Hongwei 12.8%,42 the efficiency record cells are still achieved by
spiro-OMETAD-based HTM.
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Lead free perovskite solar cell
Lead is not environmentally friendly. It causes both environmental pollution and health
problems. Lead-free perovskite solar cells have been proposed. Tin has been used to replace
the lead with the enhanced of absorption in red light and NIR. However, the efficiency is low,
less than 7%.30,43 Study has shown that the low efficiency could be due to the weakened
absorption in visible light and shift of valence band.44
Engineering for perovskite crystals
The morphology of the active material perovskite crystal is the key point for high efficiency
perovskite solar cell. Spin coating temperature,45 concentration of precursor,

46

annealing

temperature and time,47,48 moisture49 and solvents50 will affect the crystallinity quality of
perovskite materials, which in turn affect the efficiency of solar cells. Different type crystals
can be synthesized, such as cubic particles, hexagonal particles and nanorods.51 Table 2
summarizes the studies that optimize the crystallinity quality of perovskite materials.
Table 2. Ways to change the crystallinity of perovskite materials.

Methods

Best cell conditions

η, Voc(V), Jsc(mA/cm2), FF

Ref.

Annealing, pl

1 step, 90℃, 450-500 nm pkt.

11.4%, 0.89, 20.3, 0.64

52

Annealing, pl

2 steps, 150℃, 60 mins.

12%, 0.96, 18.05, 0.69

47

MAI conc. po

2 steps spin, cubic

17%, 1.06, 21.6, 0.74

46

Substr. tem. po

1step, 80℃, 150℃, 45 mins.

5.4%, 1.24, 7.8, 0.56

45

Annealing,po,pl

1step, 130℃, short, fast

13.5%, 0.94, 21.5, 0.69

48

Moisture,pl

1step, ann.=90℃, hum=35%

17.1%, 1.05, 20.3, 0.80

49

Solvent,pl

1 steps,20%wt, DMF:r-BL=97:3(v/v)

8.84%, 0.92, 8.74, 0.76

50

Solvent, pl

2 steps, DMSO 100℃, 1h, 650nm pkt.

15.6%, 0.96, 21.0, 0.76

53

Solvent, po

2 steps, DMSO, Toluene

16.4%, 1.1, 19.58, 0.76

54

Gas/solid

2 steps, HTM free

10.6%, 0.82, 18.3, 0.71

55
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With the striking increase in efficiency, effort has been made to improve the current density
(Jsc), open circuit voltage (Voc), fill factor (FF) efficiency and replacement of the costly parts
in the cell, such as the noble gold or silver back electrode and hole transport materials
(HTM).
As a game changer in photovoltaics, perovskite-type material exhibits striking excellence in
both light absorption(1.5×104 cm-1 at 550 nm)3,21 and charge transport (1069 nm electron
diffusion length and 1213 nm holes diffusion length) .21 These unique properties are
attributed to the combination of perovskite symmetry and the existence of the lone-pair s
orbitals, which enable halide perovskite semiconductors to have a direct band gap p-p
transition. The direct band gap p-p optical transition is generally much stronger than the p-s
transition seen in common thin-film solar cell materials such as Cu(In,Ga)Se2 (CIGS) and
CdTe.56
1.3.4 Current challenges in perovskite solar cells
Although amazing progress has been made, the dark sides of perovskite solar cells cannot be
ignored, including the stability issue,57 the use of environmentally hazardous lead,30 the
costly complex organics17,31 and the use of precious metals as the back electrode.15,16 A
possible decomposition of the active layer is shown in Figure 10.58
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Figure 10. Decomposition of active layer in perovskite solar cell.

The light harvest process requires a thick layer of photo active materials to harvest as much
light as possible, while fast charge transport requires a short diffusion distance due to the
recombination of photoelectrons and holes. It is reported that the Voc and FF drops when the
thickness is over 600 nm due to the increase of dark current and electron transport resistance.3
In order to avoid the Voc and FF drop, the light-active layer in perovskite solar cells is less
than 600 nm thick.15
In order to maximize the attainable open circuit voltage (Voc), low chemical potential high
work-function precious metals like gold15,28,38 and silver14,59 are always used as the back
electrode. Because only a tiny portion of gold is eventually deposited onto the devices,
thermal evaporation of gold is a very costly and wasteful process. Therefore, replacing gold
with earth-abundant elements as the back electrodes for perovskite solar cells without
sacrificing the high Voc is a pivotally critical step towards the viable and cost-effective
production of perovskite solar cells.
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1.4 Low energy consuming optoelectronic electrochromic device
1.4.1 Electrochromic materials
Eletrochromism (EC) is the phenomenon that materials can change color reversibly and
sustainably in a varying electric field, which is accompanied by electron-transfer or red-ox
reactions. Inorganic EC materials include WO3,60 NiO,58 TiO2, MoO3 and lots of other
transition metals.61,62 Organic EC materials are molecules with large conjugated structures,
such as viologen,63 phenothiazine64 or conjugated polymers.65,66 EC materials with multiple
tunable EC colors are very useful. Niobium oxide can selectively change the transmittances
in near-IR and visible light,67 which can be used in smart windows. The EC mechanism of
viologen is shown in Figure 11.68

Figure 11. EC mechanism of viologen.

1.4.2 Electrochromic device
A typical EC device is shown in Figure 12. The substrates for EC are electrical conductors,
which have to be transparent in the visible wavelength interval as well. The most common
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conductor is tin doped indium oxide, In2O3:Sn, known as indium-tin-oxide (ITO). Beside the
active EC layer, an ion conductive layer is essential for EC devices.

Figure 12. A typical structure of electrochromic device.

1.4.3 Current challenge in electrochromism
Since electrochromic devices can be used as a smart window and potentially for electronic
paper technology, glasses, memory devices and many other applications,69,70 electrochromism
(EC)

has been attracting lots of attention. R&D progress in organic and polymer EC

materials that exhibit different voltage-dependent colors makes EC processes a strong
candidate for energy saving and sunlight readable exterior displays.65,70-72 However, the
electrochromic display technology often suffers from dilemma on the thickness of the
docking layer and the slow charge diffusion that limits the switching speed of electrochromic
cells.64 For example, with the high driving voltage and slow response time caused by the
large series resistance and slow electron mobility in the docking layer, a film with large
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surface area nano-particulate film (such as a TiO2) or a polymer film is often desired to load
enough EC materials for sufficient color contrast.63, 73 In fact, not only EC devices suffer such
dilemmas, but also other electrochemical devices such as dye-sensitized solar cells
(DSCs).74,75 The high voltage will drop on the electrolyte and breakdown dielectric of the
electrolytes and active EC material when an electric leak occurs between the two FTO
electrodes.76,77
1.5 Contents in this dissertation
Charge transport is critical in the optoelectronic process. The length of electron and hole
migration relates to the performance parameters of cell, such as the current density and fill
factor. In the perovskite solar cell, the length of TiO2 nano-wire determines the CH3NH3PbI3
loading and charge transport distance. The first project of this dissertation is centered on the
optimization of the length of TiO2 nano-wires for the perovskite solar cell.
Precious metals such as gold or silver are used as the back electrode. It is very costly and
wasteful since only a tiny portion is eventually deposited onto the devices. Therefore, the
search for other cheaper replacement materials is critical for the final application. The second
project of this dissertation is focused on the back electrode materials.
Stability is the primary issue for the third generation of solar cells. Specifically, the moisture
stability for perovskite solar cells is very poor. The third project of this dissertation is to find
new materials for perovskite solar cells.
“The quest for electrochromic display technology often suffers from dilemma on the
thickness of the docking layer and the slow charge diffusion that limits the switching speed of
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electrochromic cells.”72 Explicitly, a docking film with large surface area such as a TiO2
nanoparticulate film or a polymer film is often desired to load enough EC materials for
sufficient color contrast,63, 73 but at a cost of high driving voltage and slow response time due
to the large series resistance and slow electron mobility in the docking layer. The forth
project of this dissertation is focused on the FTO conductive electrode material for the EC
devices

20

CHAPTER 2
RUTILE TIO2 NANOWIRES PEROVSKITE SOLAR CELLS
2.1 Introduction
Perovskite type CH3NH3PbX3(X=I, Br, Cl) solid solar cells have recently been reported with
over 15% efficiency,14,15, 78 since it was first reported in 2009.12 The great improvements in
efficiency achieved in the past several years indicating that these are promising candidates for
the next generation solar cells. Perovskite type CH3NH3PbX3 material exhibits unusual
excellence in both charge transport (electron/hole diffusion lengths are about 1µm/1.2um
CH3NH3PbI3-xClx, respectively21), and light harvesting (1.5×104 cm-1 at 550 nm).3 Perovskite
solar cells have a sandwich structure, with a porous TiO2 meso-structure layer filled with
active layer perovskite CH3NH3PbX3 on a conductive substrate as the photoanode, followed
by a coating of a hole transport material layer (HTM) and a back electrode. Crystallinity,
morphology,

79,29

thickness and other factors of the TiO2 layers from both the compact

electron blocking layer and the meso-structured layer4,13 play an important role in the
efficiency of solar cells. Taking the dye sensitized solar cells as an example, it is difficult to
fill the highly convoluted porous channels of mesoporous TiO2 films with dye molecules.
This is also a problem in perovskite

80

CH3NH3PbX3 solar cells.81 Meanwhile, the

light-harvesting layer is too thin for high efficiency due to the electron diffusion length in
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CH3NH3PbI3, about 100 nm.21 It has been reported than if the thickness of mesoporous TiO2
is beyond 600 nm, significant loss of open-circuit voltage (Voc) and fill factor (FF) is seen.3
As a result, the best thickness for mesoporous TiO2 is between 400 nm to 600 nm.15,28,30,39
To solve the conflicting demands on light absorption and charge transport appeared in
mesoporous photoanodes, an aligned array of one dimensional single crystal TiO2 NWs as
photoanode in perovskite solar cells is a potential solution. Meanwhile, the high electron
diffusion length in the single crystal NWs facilitates direct electron transport in the case of a
thick CH3NH3PbI3 layer.82

And also, filling of the perovskite precursor solution can be

much more efficient than for the compact meso-structure due to the wide openings between
the NWs. Dead volumes can be avoid in the perovskite layer. Actually, it is reported that
perovskite solar cell with one dimensional TiO2 NWs array has reached 4.9% efficiency.82 So
far, the highest efficiency achieved on NW-based perovskite cells reaches 9.4% with a rutile
compact TiO2 nano-rods structure.19 The hydrothermal method for synthesizing nanowires
was used in both previous studies on TiO2 NWs.
2.2 Experimental
2.2.1 Synthesis of TiO2 blocking layer on FTO glass
To remove contamination, FTO glass substrates were ultrasonicated in detergent-water
solution (1V:10V), isopropanol, acetone and ethanol sequentially. Substrates were rinsed by
distilled deionized water between each step. FTO glass substrates were further cleaned with
oxygen plasma for 15 mins before use. To form the compact layer, 0.2 M Ti(IV) bis(ethyl
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acetoacetate)-diisopropoxide in 1-butanol solution was sprayed onto the FTO substrates at
450°C on a hot plate, followed by annealing at 450 ℃ for 1 hour in air.
2.2.2 Synthesis of different length of TiO2 nanowire arrays on FTO
To synthesize rutile TiO2 nanowire, the solvothermal method was used. FTO substrates
coated with a blocking layer of TiO2 thin film were loaded into a sealed Teflon-lined stainless
steel reactor filled with 6 mL 2-butanone, 6 mL 37% hydrochloric acid and 0.5 mL
tetrabutyltitanate, followed by keeping the mixture at 200 oC for 40 minutes. The obtained
substrates with nanowire arrays were cleaned by dipping in a H2O2 (30 wt%) /NH4OH(25
wt%) (10:1 of volume ratio) solution for 10 min, followed by annealing at 450 oC for 30 min
under O2 atmosphere. The synthesized TiO2 nanowires were soaked in 40mM TiCl4 solution
at 65 oC for 1 hour and then rinsed with DI water. After TiCl4 treatment, TiO2 nano-wires
were annealed at 500 oC for 30 minutes.
2.2.3 Synthesis of TiO2 mesoporous on FTO
Analytical-grade reagents were used as supplied without further puriﬁcation. Titanium
isopropoxide 12 ml (Ti(OiPr)4, Aldrich, 97%) and 3ml propanediol were added dropwise into
a mixture of 80 ml water and 25ml acetic acid at 0 ℃. The mixture was heated to 78℃ over
1 h and held at this temperature with stirring for another 3.5 h. The resulting colloidal
solution was concentrated to 100 ml via rotary evaporation. The mixture was loaded into a
Teflon insert titanium autoclave, heated to 200 ℃ over 1 h and held for 12h. 0.8g of the
resulting mixture, 0.1ml terpineol and 0.025g methylcellulose were mixed under stirring for 2
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hrs. The resulting paste was spread on FTO glass substrates by doctor blade and keep at 550
℃ for 2 hrs.
2.2.4 Synthesis of CH3NH3I
Methylamine (19.5ml, 40 wt % aqueous solution, Aldrich) was added to hydroiodic acid
(32.3ml, 57 wt % aqueous solution, Aldrich) slowly in an ice bath with stirring for 2 hrs.
After extracted in a rotary evaporator at 50 oC, the brown product was filtered and washed by
diethyl ether to yield a white powder. Purification was conducted by recrystallization in
ethanol and diethyl ether.83 The nuclear magnetic resonance (NMR, Bruker Avance III 500
MHz) spectrum of the product in d6-DMSO can be found in Figure 13.

Figure 13. NMR of CH3NH3I.

2.2.5 Synthesis of precursor perovskite CH3NH3PbI3
0.1g CH3NH3I (1:1 molar ratio) and 0.289g of PbI2 were dissolved in 0.52 ml γ-butyrolactone
at 60 oC to produce the precursor perovskite solution.84
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2.2.6 Hole transport material (HTM)
According

to

literature,

15

the

HTM

was

prepared

as

2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spiro-bifluorene

follows:

92

mg

(spiro-MeOTAD),

7.2 mg Lithium bis-trifluoromethane sulfonimide, and 12 mg 4-tert-butylpyridine were
dissolved in 1 ml chlorobenzene.
2.2.7 Device
Spin coating of perovskite CH3NH3PbI3 precursor was done at 2000 rmp for 1 min in dry air,
followed by annealing in Ar at 105 oC for 10 minutes. HTM was spin coated at 2500 rpm.
Thermal coating of 80 nm Au film was done on a Edward 306A thermal evaporator. Figure 14
demonstrates the process to make perovskite solar cells.

Figure 14. Preparation of perovskite solar cell.

2.2.8 Characterization
SEM images were taken on a Tescan SEM (model Vega II SBH). Potentiostat (Gamry
Reference 600), and a solar simulator (Photo Emission Inc. CA, model SS50B) were used to
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acquire the current density-voltage (J-V) curves at 200mV/s. The light harvesting spectra,
namely diffuse reflectance of the devices, were taken on a Filmetrics F20-ExR thin film
analyzer with an integrating sphere. Energy dispersive spectrometry (EDS) was obtained with
an SEM equipped with an INCAx-act analytical standard EDS Detector (Oxford
Instruments). The open-circuit photovoltage transient was measured on a Gamry Reference
600 at a resolution of 10 µs per data point. An ultrafast optical shutter was used (UniBlitz
model LS6, 700 µs from full closure to full open, with a 6mm in diameter aperture and a
shutter driver model D 122) to control the incident sunlight. A commercial solid-state silicon
photodiode (OSRAM Opto Semiconductor, BPX 61, response time 20ns, spectral range
400nm-1100nm, and active area 2.65mmx2.65mm=7mm2) is used as a reference to verify the
measurement limit of our setup. XRD was taken on X-ray powder diffractometer (X’Pert
PRO, PANalytical, Almelo, The Netherlands).
2.3 Results and discussions
2.3.1 TiO2 nano-wires and mesoporous TiO2
The application of aligned arrays of single crystal TiO2 NWs as a photoanode in perovskite
solar cells provides a potential solution to the conflict between light absorption and charge
transport in the mesoporous TiO2 photoanodes. Meanwhile, the high electron diffusion length
in the single crystal NWs facilitates directed electron transport in the case of a thick
CH3NH3PbI3 layer as shown in Figure 15.82
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Figure 15. Schemetic comparison between NWs TiO2 and mesoporous TiO2 photoanodes. Perovskite
CH3NH3PbX3 precursor and HTM filling paths were indicated in green and dead volumes were indicated in
blue. Mesoporous photoanodes inevitably contains some dead volumes (blue parts) that are not readily
accessible for the perovskite materials.32

It has been reported that solvothermal methods can be used for the synthesis of single crystal
rutile NWs with well-separated wire-to-wire space and controllable length-to-diameter ratio.
The electron transport in these rutile NWs is 200 time faster than in mesoporous rutile
films85. These rutile NW arrays with different lengths as photoanodes were applied in
perovskite solar cells and 11.7% efficiency has achieved, which is 2% (absolute value) higher
than the value reported for perovskite solar cells with nanorods as photoanode reported in the
literature.19
2.3.2 Characterization of SEM images and EDS
The experimental section shows the synthesis of single crystal rutile TiO2 NWs on FTO
glass.85 A layer of CH3NH3PbI3 was filled between the NWs openings by spinning coating,
followed

by

spinning-coating

about

220

nm-thick

spiro-MeOTAD

(2,2′7,7′-tetrakis-(N,N-di-p-methoxyphenyl amine)- 9,9′- spirobifluorene as a hole transport
layer. 80 nm Au was thermally evaporated as the back electrode.
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Figure 16. SEM images of TiO2 NWs and solar cells. a. 400 nm NWs; b. 600 nm NWs; c. 900 nm NWs; d. 1.2
µm NWs; e. top view of 900 nm TiO2 NWs; f. top view of solar cell; g. cross section of solar cell with 900 nm
NWs as photoanode; h. cross section of solar cell with mesoporous

TiO2 as photoanode. 32

The cross-section SEM images of 400 nm, 600 nm, 900 nm and 1.2 µm NWs on FTO are
shown in Figure 16a-d, respectively. The NWs are 30~50 nm apart from each other,
providing the openings for the filing of perovskite CH3NH3PbI3 precursor. The top view of
the 900 nm NWs (Figure 16e) further confirms that the openings among the NWs are open
and accessible. Figure 16f is the SEM top view image around the edge of the gold electrode
after filling of perovskite in the voids of the TiO2 NWs and thermal deposition of gold back
electrodes. In comparison to the dark part that is not coated with gold, the brighter part is the
thermally deposited gold electrode. Apparently, no NWs or open space can be observed from
the top, indicating a good filling of CH3NH3PbI3. As can be seen in Figure 16g, the
cross-section SEM image of the device also demonstrates the tight filling of the CH3NH3PbI3
in the wire-to-wire openings. EDS was used to confirm that the existence of CH3NH3PbI3
with a 3:1 atomic ratio between I and Pb, as can be seen in Figure 17. In order to make a
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comparison, cells with about 500 nm thick and 16-36 nm particles size mesoporous anatase
TiO2 as photoanode were also made,86 which is known to be the best optimized thickness for
mesoporous TiO2 based perovskite cells.3 The cross section SEM image of the mesoporous
TiO2 cells is shown in Figure 16h.

Figure 17. EDS analysis of CH3NH3PbI3. 32

2.3.3 X-ray diffraction and HRTEM
As shown in Figure 18 is the XRD of TiO2 rutile NWs on fluorine-doped tin oxide (FTO)
substrate. FTO peaks are indicated by triangles. Peak (101) and the enhanced (002) peak in
the NWs suggests that the rutile crystal grows with (101) plane parallel to the FTO substrate
and the NWs are oriented along the (002) direction.19,87 The inset in Figure 18 is an HRTEM
image that suggests a single crystal feature of the NWs. These TiO2 nanowires are rutile,
which is indicated by the (110) lattice crystal plane with a fringe spacing of 0.325 nm.
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Figure 18. XRD and HR-TEM of TiO2 NWs on FTO substrate. 32

2.3.4 Current density and open circuit voltage
Shown in Figure 19 are the J-V curves of the prepared NWs perovskite solar cells with
different lengths of TiO2 NWs along with the dark current curves, appearing as dashed lines.
Table 3 summarized the photovoltaic performances for all the solar cells.
The 900 nm TiO2 NWs cell gives the best efficiency of 11.7%, followed by the 600 nm TiO2
NWs and 400 nm TiO2 NWs with efficiencies of 10.8% and 9.7%, respectively. For the cells
with 1.2 µm TiO2 NWs as photonanode, only 4.8% efficiency was found. Jsc increases with
the length of NWs from 400nm (18.6 mA/cm2) to 600 nm (20.4 mA/cm2), to 900nm (22.3
mA/cm2). We found that the 900nm TiO2 NWs-based CH3NH3PbI3 perovskite cells
outperforms the best reported TiO2 NWs-based perovskite solar cells in literature by 2%
(absolute).19 The enhancement is mainly attributed to the 7 mA/cm2 greater Jsc than the best
reported cells for our 900 nm NWs cells. However, Jsc decreases significantly to only 9.3
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mA/cm2 and leading to the large drop inefficiency to only 4.8% when the length of TiO2
NWs reaches 1.2 µm.

Figure 19. J-V curves of perovskite solar cell with 400 nm, 600 nm, 900 nm and 1.2 µm TiO2 NWs as photon
anode. 32
Table 3. Photovoltaics performance of solar cells with 400 nm, 600 nm 900 nm, 1.2 µm TiO2 NWs as
photoanodes. 32
NW

Jsc

Voc

nm

mAcm-2

V

400

18.6±0.2

0.85±0.03

600

20.4±0.3

900

FF

η

Rsh

Rs

%

Ω

Ω

0.62±0.03

9.7 ±0.1

1029±22

72 ±5

0.78±0.02

0.68±0.01

10.8±0.2

1012±20

54 ±8

22.3±0.1

0.77±0.02

0.68±0.01

11.7±0.2

1043±16

57 ±5

9.3 ±0.2

0.72±0.02

0.71±0.03

4.8±0.3

957 ±21

114±8

length

1200

Notes : Rsh is Shunt resistance of solar, Rs is series resistance.

The series resistance of the cells with 1.2 µm TiO2 NWs is much greater than others cells due
to its longer transport distance in 1.2 µm wires. The lower shunt resistance of the cells using
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1.2 µm TiO2 NWs than that of the cells using 900 nm NWs indicates a greater charge
recombination, resulting in its loss in Voc.
As a comparison, we made perovskite solar cells with 500 nm thick mesoporous TiO2 as the
photoanode. The TiO2 thickness is within the range reported to be the optimized thickness
(400 nm -600 nm) to achieve the best efficiency for mesoporous TiO2 based cells.15,88 All
other parameters were the same, including the coating procedures of perovskite layer (coated
at the same time as the NWs-based cells) and the thicknesses of the HTM layer and the gold
layer. As shown in Figure 20, the photocurrent of the 500 nm thick mesoporous cells is 14.3
mA/cm2, which is about 8 mA/cm2 lower than the 900 nm NWs-based cells. Voc is about 0.80
V, which is almost the same as solar cells with TiO2 NWs as photoanodes. For mesoporous
TiO2 solar cells, the overall efficiency is 6.8% and it is very close to the reported maximum
value (7.16%) for this thickness.88

Figure 20. J-V curves of perovskite solar cell with mesoporous TiO2 as photoanode. 32
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To furthur study the enhancement in Jsc found in the 900 nm-long NWs-based devices with
respect to the best mesoporous TiO2-based cells that were prepared, we study their respective
light harvesting efficiency (LHE), since Jsc depends largely on LHE. Comparing with 80% in
the device with 500 nm mesoporous TiO2, the device with 900 nm TiO2 NWs exhibits nearly
95% LHE between 400 nm and 650 nm, as shown in Figure 21. Both devices have a huge
decrease of LHE after 750 nm, which agrees with the literature.12,26,89

Figure 21. Light harvesting efficiency of devices with TiO2 NWs and mesoporous TiO2 as photoanodes. 32

2.3.5 Photovoltage transient
The devices kinetic rising trend of Voc reflects how rapidly the electrons and holes can be
photoinduced

and

further

migrate

through

the

perovskite TiO2 FTO, and holes from perovskite

internal

layers

(electrons

from

HTM gold here) in the presence of

the above recombination process.90 The fast kinetics of net charge collection in 900 nm-long
TiO2 NWs photoanodes is studied by the photovoltage transient. It is shown in Figure 22 that
the rising time (defined as the time it takes from shutter open to 90% of the Voc) of Voc for the
900 nm and 1.2µm long TiO2 NWs-based perovskite solar cells are 17 ms and 78 ms,
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respectively. Confirmed by a commercial ultrafast silicon photodiode with 20 ns response
time (Figure 23), neither the shutter motion (response time=0.7ms from full-close to
full-open) nor the data acquisition rate (with the highest rate at 10 µs per data point) is the
bottleneck of the above measurement. Due to recombination in CH3NH3PbI3 with a thickness
above the maximal hole diffusion length, a slower photovoltage rising in 1.2 µm NWs cell is
observed. As a comparison, the rising time of a 500 nm mesoporous anatase film is much
slower, as shown in Figure 23. These findings agree with previous findings that electron
transport in TiO2 rutile NWs-based DSSCs is faster than that in mesoporous films.85

Voltage (V)

0.8
0.6
0.4
Shutter
0.2 opens

Shutter
opens

900 nm TiO2 NWs
1.2µm TiO2 NWs

0.0
200 220 240 260 280 300 320 340

Time (ms)
Figure 22. Photovoltage rising transient of devices with 900nm and 1.2µm long TiO2 NWs photoanodes. 32
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Figure 23. Photovoltage rising transients of (a) a perovskite solar cell with mesoporous TiO2 as photoanode and
(b) commercial Si-based photodiode (response time=20ns) as reference. 32
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It is clear that the response time of the photovoltage rising transient of the Si-based
photodiode is approximately 0.70 ms, which is much faster than the measured photovoltage
rising kinetics of the perovskite solar cells, indicating that the kinetic limitation of our
measurement system (e.g. shuttle speed) is far faster than the kinetics of the photovoltage
rising transient of the perovskite solar cells studied herein. These data indicates that the
measured photovoltage rising kinetics of the perovskite solar cells by our measurement
system represents the actual kinetics of charge transport.
We obtained the same trend that thick (over 600 nm) anatase mesoporous TiO2 layer can
cause a substantial decrease of FF due to the increment of dark current and electron transport
resistance resulting from the convoluted mesoporous pathways.3 In the case of our long
(>600 nm) NWs-based perovskite cells, the FF remains over 0.65. The FF of our 900 nm
TiO2 NWs-based cells is 0.68, much better than the corresponding 850 nm thick mesoporous
TiO2-based perovskite cells with FF=0.55. 88
2.4 Conclusion
In conclusion, we optimized the length of TiO2 NWs and they have been used as photoanodes
in perovskite solar cells. The thickness of the perovskite material and the effective charge
transport in the perovskite material have a good compromise with a 900 nm length for the
NWs. The electron transport can be effectively conducted in these rutile nanowires due to the
high electron diffusivity in single crystal rutile nanowires, which leaves holes as the majority
charge carriers in the perovskite. As a result, effective charge transport can be achieved in up

35

to 900 nm long rutile nanowires, allowing additional loading of the perovskite materials for
higher light absorption, thus, higher attainable current density.
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CHAPTER 3
NICKEL-CATHODED PEROVSKITE SOLAR CELLS
3.1 Introduction
Due to the high efficiency achieved in the past several years, hybrid organic-inorganic solid
state solar cells with perovskite structures have emerged as the most promising candidate for
the next generation solar cells. Perovskite-type materials exhibit striking excellence in both
light absorption3 and charge transport.21 However, the dark side of this rising star should not
be ignored, such as the stability issue of CH3NH3PbI3,57 the cost of complex organics as the
hole-blocking layer17,31 the use of environmentally hazardous lead,30 and the use of expensive
metals as the back cathode. To get high open circuit voltage (Voc), low chemical potential or
high work-function noble metals such as gold15,28,38 and silver14 are generally used as the
back cathode. Due to only a tiny portion of gold being eventually deposited onto the devices,
thermal evaporation of gold is a very costly and wasteful process. Furthermore, the organic
compound in HTM will decompose at high temperature. To find earth-abundant elements as
the cathode in perovskite solar cells, without sacrificing high Voc and energy conversion
efficiency, is a critical step towards the cost-effective production of perovskite solar cells.
In this project, we use nickel as the back cathode. The work-function for nickel is -5.04 eV,
which is very close to gold (-5.1 eV).91 However, the price for nickel is about 1/100000 of
gold.
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3.2 Experimental
3.2.1 Preparation of the photoanodes consisting of rutile TiO2 nanowire arrays on FTO
The solvothermal method reported previously was used to grow TiO2 nanowire arrays.
Typically, FTO substrates coated with a layer of TiO2 thin film were loaded into a sealed
Teflon-lined stainless steel reactor filled with 6 mL 2-butanone, 6 mL 37% hydrochloric acid
and 0.5 mL tetrabutyltitanate, and the mixture was then kept at 200 oC for 40 minutes. The
obtained substrates with nanowire arrays were cleaned by dipping in a H2O2 (30 wt%)
/NH4OH(25 wt%) (10:1 of volume ratio) solution for 10 min, followed by annealing at 450
oC

for 30 min under O2 atmosphere. The obtained electrodes were then soaked in 40mM

TiCl4 solution at 65 oC for 1 hour, followed by rinsing with DI water. The TiCl4 treated TiO2
nano-wires were annealed at 500 oC for 30 minutes.
3.2.2 Synthesis of CH3NH3I
19.5ml methylamine (40 wt % water solution) was added drop-wise to 32.3ml hydroiodic
acid (57 wt % in water, Aldrich) in an ice bath and under stirring for 2 hrs. The precipitate
was recovered by extracting the mixture in a rotary evaporator at 50 oC. The yellow/brown
product was filtered and washed by diethyl ether to yield a white powder, which was further
purified by recrystallization in ethanol and diethyl ether.83
3.2.3 Preparation of CH3NH3I and PbI2 solution
0.29g (0.63 mmol) PbI2 and 0.1g (0.63 mmol) CH3NH3I were dissolved in 0.5 ml
γ-butyrolactone solution at 60 oC.84
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3.2.4 Preparation of hole transport material (HTM) solution
92

mg

2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spiro-

(spiro-MeOTAD),

7.2

mg

Li

bis-trifluoromethane

sulfonimide,

bifluorene
and

12

mg

4-tert-butylpyridine were dissolved in 1 ml chlorobenzene.
3.2.5 Device fabrication
The precursor solution of CH3NH3PbI3 was coated on the TiO2 nanowire photoanodes by
spin coating at 2000 rpm for 1 min in ambient conditions. In Ar at 105 oC, the deposited
CH3NH3PbI3 film was dried for 10 minutes, followed by spin coating HTM at 2500 rpm.
Sputter coating was used to coat the nickel on the top of the HTM layer through an aluminum
mask to form the nickel pads as acounter electrode. All processes were conducted in open air
and the humidity was kept at 20% or below during the whole process. Significant
deterioration in device performance was found when humidity is above 30%. Au or copper
films were deposited with an Edward 306A thermal evaporator with a base pressure of 6x10-6
torr. Nickel thin films were deposited using the magnetron sputtering technique. The rotary
magnetron sputtering system was customized by Denton Vacuum with DC power supplies.
The system has sputtering targets set vertically. The based pressure of the deposition was
1x10-6 Torr and the deposition pressure was 3mTorr of Ar.

The distance of

substrate-to-target is 7cm. The Ni target was ignited at the power of 80W and pre-sputtered
for 5 minutes. The samples were then moved to the sputtering zone in a horizontal cycling
swiping manner (1nm/loop, 6 second/loop). The growth rate was calibrated using SEM
cross-section measurements. The temperature on the substrate surface is monitored with a set
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of irreversible temperature indicators (Cole-Palmer) ranging from 65 oC- 135 oC. After
sputtering under above conditions, none of the temperature labels turn black, suggesting that
the temperature on the substrate is below 65 oC during sputtering.
3.2.6 Structure characterization
The morphologies and microstructures of the samples were characterized using a
Hitachi-S4800 FE-SEM and a Tescan SEM (model Vega II SBH). The TEM and HR-TEM
images were taken using a Tecnai F20 (FEI, Hillsboro, OR, USA) microscope at an
accelerating voltage of 200 kV. The sheet resistance measurement is conducted using a
Jandel four-probe sheet resistance measurement system.
3.2.7 Photovoltaic measurement
The current density-voltage (J-V) curves were collected using a potentiostat (Gamry
Reference 600) and the devices were illuminated at one sun 1.5 air mass global (AM G)
spectrum provided by a solar simulator (Photo Emission Inc. CA, model SS50B). The voltage
sweeping rate is 200 mV/s with a step of 2 mV from low to high. The open-circuit
photovoltage transient was measured on a Gamry Reference 600 in the Chronopotentiometry
mode. An ultrafast optical shutter (UniBlitz model LS6, 700 µs from full closure to full open,
aperture 6mm in diameter, shutter driver model D 122) was used to control the incident
sunlight. A commercial solid-state silicon photodiode (OSRAM Opto Semiconductor, BPX
61,

response

time

20ns,

spectral

range

400nm-1100nm,

and

active

area

2.65mmx2.65mm=7mm2) was used as a reference to verify the measurement limit of our
setup.

40

3.3 Results and discussions
3.3.1 Cell structure diagram
As shown in Figure 24, the cell contains a ~900 nm-high rutile TiO2 nanowire (NWs) array
on FTO glass as the photoanode,85 which is filled with a layer of spin-coated CH3NH3PbI3,
covered

with

a

220

nm-thick

spin-coated

spiro-

MeOTAD

(2,2′7,7′-tetrakis-(N,N-di-p-methoxyphenyl amine)-9,9′- spirobifluorene) as hole transport
material (HTM), and capped by a sputter-coated nickel film as the cathode.

Figure 24 Structure of cell and energy diagram. The right panel shows a schematic diagram of the
perovskite solar cell consisting of a FTO anode covered with a blocking TiO2 thin film, rutile TiO2
nanowires, spin-coated CH3NH3PbI3 layer and sprio-MeTAD layer, followed by a sputtered nickel cathode.
The left panel shows the energy diagram of the device.11

3.3.2 Characterization of SEM images
The scanning electron microscope (SEM) image in Figure 25a shows the 900 nm TiO2
nanowire array grown vertically on the FTO substrate. The diameter of the TiO2 nanowires,
found in the inset of Figure 25a, is about 30~40 nm. Nanowires are proved to be single
crystal by the high resolution transmission electron microscope (HRTEM) image in Figure
25b. These nanowires are rutile TiO2 since the (110) lattice crystal plane has a fringe spacing
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of 0.325 nm. Figure 25c is the top-view SEM image of the cell near the edge (along the
yellow dash line) of a gold cathode. The morphology of the TiO2 nanowire photoanode after
spin coating with CH3NH3PbI3 and spiro-MeOTAD is shown in the lower left portion of
Figure 25c. The upper right portion of Figure 25c is the morphology after gold evaporation,
which indicates that thermal evaporation of gold does not change the morphology of the
underneath layers. The cross-section SEM image of a device with gold as cathode is shown in
Figure 25d. Each layer can be identified, including the TiO2 nanowires encased in
CH3NH3PbI3, the spiro-MEOTAD layer and the gold layer. The thickness of the
spiro-MeOTAD is measure to be about 220 nm which is the optimized thickness that yields
the best efficiency. A photo of the device with six gold cathodes is shown in the inset of
Figure 25d.

A top view of the cell near the edge (along the yellow dashline) of a nickel

cathode is shown in Figure 25e. The sputtered nickel does not give a very sharp edge, which
is different from Au. As can be seen, the upper right part of Figure 25e is nickel coated while
the lower left part is not. In a word, the morphology of the CH3NH3PbI3/spiro-MeOTAD
layer remains unchanged after sputtering in comparison with the uncoated part, which
indicates that the nickel sputtering process does not change the morphology of the
spin-coated CH3NH3PbI3 and spiro-MeOTAD layers under our optimized operational
parameters. Six nickel cathodes are shown in the inset in Figure 25f. The measured diameter
for all the cathodes is 3 mm.
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Figure 25. a. SEM images of TiO2 nanowires on FTO substrate (Inset: magnified SEM image); b. HR-TEM
images of TiO2 nanowire; c. top view of TiO2 nanowires. d. top view of TiO2 nanowires on large scale. 11

3.3.3 Current density and open circuit voltage
Figure 26 shows the photocurrent density vs photovoltage (J-V) curves of cells using 900 nm
TiO2 nanowires as photoanodes with 80nm gold film, 150 nm nickel film and 300 nm nickel
film as cathodes, respectively. Table 4 summarizes the photovoltaic performance of the cells,
which indicates that the cell using 300 nm nickel film as the cathode exhibits almost the same
energy conversion efficiency (η=10.4%) as the cell with 80 nm gold film as the back
electrode (η=11.6%). Note that the cells with 150 nm nickel film as the back electrode exhibit
a large drop in efficiency (η=7.7%).
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Figure 26. Comparison of J-V characteristic under illumination (one Sun, 1.5 global air mass) and in dark for
gold-backed and nickel-back cells. Both cells use 900 nm TiO2 nanowires on FTO as anode for a fair
comparison. 11
Table 4. Photovoltaic performance of solar cells with Ni and Au as back electrodes. 11

Cathodes

Jsc

Voc

of cells

mAcm-2

mV

Ni 150nm

21.4

752

Ni 300nm

20.6

Au 80nm

21.7

FF

η

Rsh

Rs

%

Ω

Ω

0.50

7.7

11794.6

264.4

830

0.61

10.4

13851.4

103.2

792

0.68

11.6

14160.9

81.5

Short circuit current densities (Jsc) for all cells are compared in order to troubleshoot the
energy loss in 150 nm nickel back electrode cells. Both cells exhibit almost the same Jsc of 20
mA/cm-2. Voc of the cell with 150 nm nickel as back electrode is 0.752V, slightly lower than
the cells with 80nm gold or 300 nm nickel film as back electrode. Comparing to the fill factor
(FF) of 68% for the cell using gold as cathode, the low conversion efficiency for nickel back
electrode cell is due to the low FF (50%). We attribute the low FF in cell with 150 nm nickel
back electrode to its high series resistance, since there is no significant difference in Voc and
Jsc in comparison to the other two cells. Shunt resistance (Rsh) at Jsc for 150 nm nickel back
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electrode cell is 11794 Ω, which is about 80% of that for gold-backed cell; while the series
resistance (Rs) at Voc for the nickel-backed cell is 264 Ω, more than 3 times higher than that of
the gold back electrode cell.
The equations below shows the relations between current, fill factor and shunt resistance.92
FFSH = FF0 (1 −

1
)
RSH

qV
V
I = I L − I0 exp[
]−
nkT RSH

(Eq.3.3.2-1)

(Eq.3.3.2-2)

Here, V is the voltage across the cell terminals, I is the cell output current, T is the
temperature, IL is the light generated current, k is Boltzmann constant, n is the ideality factor,
q is the charge of an electron, and Rsh is the cell shunt resistance. The idea cell which is not
affected by any resistance is denoted by I0 and FF0.
The relations between fill factor, current and series resistance (Rs) are shown by the equations
below.92
FFs = FF0 (1 − Rs )
I = I L − I 0 exp[

q(V + IRs )
]
nkT

(Eq.3.3.2-3)
(Eq.3.3.2-4)

Briefly, equations 1-4 can be combined to estimate the respective impact from series
resistance and shunt resistance on FF in comparison to an ideal solar cell. The simulated
result in Figure 27 suggests that the loss of FF in the cell with nickel cathode is mainly
caused by the high series resistance.
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Figure 27. Simulated J-V curve by varying the Rs and Rsh with respect to the J-V curve of an ideal cell. 11

This simulation is based on the influence of Rs and Rsh on an ideal silicon solar cell with
Voc=0.623 V and Jsc=35A/cm2. The result indicates that in order to decrease FF from 0.68 to
achieve the same J-V shape as the perovskite cell with Au cathode, or to 0.50 to achieve the
same J-V shape as the perovskite cell with Ni cathode, the Rs must increase by a factor of
nearly 300%, while Rsh only needs to decrease 25%. Even without any change in Rsh, the FF
and shape of the J-V can be very close to the Ni-backed cell as long as the Rs increase by
300%. The loss of FF by replacing Au cathode with Ni cathode is mainly from the increase of
series resistance in the Ni film. Four-probe sheet resistance of the 80 nm-thick gold cathodes
is measured to be 0.2~0.4 Ω/square as supporting evidence, comparing with 90~100 Ω/square
for the 150 nm-thick nickel cathode. Typically, the two-probe measurement on the
edge-to-edge resistance of gold pads is about 0.5 Ω, in contrast to ~150 Ω for nickel pads. In
fact, Figure 28 and Table 5 show that cells with 100 nm-thick nickel cathodes, with higher
series resistance, exhibit much lower FF.

Current Density(mA/cm2)
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Figure 28. Cells with 900 nm TiO2 nanowires as anode and 100 nm nickel as back cathode. 11
Table 5. Photovoltaics performance of solar cell with 900 nm TiO2 nano-wire and 100 nm nickel as back
cathode. 11

Cell Name

Jsc

Voc

FF

η

mAcm-2

mV

Ni 100nm day 1

21.3

710

0.35

5.3

Ni 100nm day 2

21.7

714

0.41

6.3

%

Furthermore, the thickness of the nickel film was increased to 300 nm thick. The
corresponding FF of the cell improved to 0.61 and the conversion efficiency achieved was
10.4%. Resistance of the 300 nm thick nickel pads is measured to be 3 Ω on the two-probe
measurement on the edge-to-edge and the four-probe sheet resistance of the 300 nm-thick
nickel cathodes is measured to be 3~5 Ω/square.
Different length of the TiO2 nanowires was also used for nickel back electrode solar cells.
Figure 29 and Table 6 summarizes the J-V curves of cells with 900nm, 300nm and 1200nm
TiO2 nanowires as photoanodes and 80nm thick gold as back electrode. As can been seen,
900nm TiO2 nanowires give the best results.
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Figure 29. J-V curves of cells using 900nm, 300nm and 1200nm TiO2 nanowires as anode and 80nm thick gold
as back electrode. 11
Table 6. Photovoltaic performance of solar cell with 300 nm, 900 nm, 1200 nm TiO2 nanowires as photoaonde
and 80 nm gold as back cathode. 11

NWs length

Jsc

Voc

FF

η%

for cells

mAcm-2

mV

300nm

19.3

850

0.63

10.4

900nm

21.7

792

0.68

11.6

1200nm

9.1

722

0.73

4.7

As shown in Figure 30, solar cells with 1200 nm TiO2 nanowires as anode and 150 nm nickel
as back electrode can only get 4.1% efficiency. Comparing with solar cells with other length
of NWs, the low efficiency is attributed to the decrease of Jsc and Voc.
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Figure 30. J-V curves of cell with 1200 nm TiO2 nanowires as anode and 150 nm nickel as back cathode. 11

Table 7 summarize the stability of the photovoltaic performance of the cells with nickel back
electrodes. Jsc decreased from 22.4 mA/cm-2 on day 1 to 20.4 mA/cm-2 on day 5 for the 150
nm Ni cell and 20.1 mA/cm-2 on day 1 to 20.6 mA/cm-2 on day 5 for the 300 nm Ni cell ; Voc
changed from the 0.70 V on day 1 to 0.75 V on day 5 for the 300 nm Ni cell; FF increased
from 43% on day 1 to 50% on day 5 for the 150 nm Ni cell and 50% on day 1 to 61% on day
5 for the 300 nm Ni cell. Most likely, the decrease in Jsc is due to the absorption of moisture
in the CH3NH3PbI3. The overall efficiencies increase from 6.7% on day 1 to 7.7% on day 5
for the 150 nm Ni cell and 7.8% on day 1 to 10.4% on day 5 for the 300 nm Ni cell.
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Figure 31. J-V curves for a nickel-cathoded cells from day 1 to day 5. 11
Table 7. Change of photovoltaic performance of solar cells with Ni as cathode. 11

Cell name

Jsc

Voc
-2

150 nm Ni

300 nm Ni

FF

η

mAcm

mV

%

Day1

22.4

702

0.43

6.7

Day2

22.2

752

0.45

7.5

Day5

20.4

752

0.50

7.7

Day1

21.0

746

0.50

7.8

Day2

20.6

822

0.60

10.2

Day5

20.6

830

0.61

10.4

As shown in Figure 32 and Table 8, similar results are also found on cells with 100 nm nickel
back electrode.
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Figure 32. Cells with 900 nm TiO2 nanowires as anode and 100 nm nickel as back cathode. 11
Table 8. Photovoltaics performance of solar cell with 900 nm TiO2 nano-wire and 100 nm nickel as back
cathode.11

Jsc

Voc

mAcm-2

mV

Ni 100nm day 1

21.3

710

0.35

5.3

Ni 100nm day 2

21.7

714

0.41

6.3

Cell Name

FF

η
%

The photovoltage rising transient of both gold-cathode and nickel-cathode cells were studied.
According to the literature, the photovoltage rising transient reflects how fast the charges can
be

photo-induced

and

transport

through

perovskite TiO2 FTO, and from perovskite

the

internal

layers

(charge

from

HTM metals (gold or Ni here in this work)

in the presence of the recombination of the above process.90 As shown in Figure 33, the rising
time (90% of the Voc) of Voc for the Ni-cathode and Au-cathode cells are 31.9 ms and 27.5
ms, respectively. These finding can conclude that Ni replacing gold as back electrode will not
significantly vary the charge transport kinetics. In conclusion, nickel can be used to replace
Au as a low-cost metal for back electrodes in perovskite solar cells.
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Figure 33. Photovoltage rising transients of a 900nm TiO2 NWs photoanode devices with 80 nm Au as cathode
and a 900nm TiO2 NWs photoanode device with 300nm Ni as cathode. 11

As confirmed by a commercial ultrafast silicon photodiode in Figure 34, neither the motion
of the shutter (response time is 0.7ms) nor the data acquisition rate (highest rate 10 µs per
data point) is the bottleneck of the above measurement.

Figure 34. Photovoltage rising transients of a regular photodiode as reference. 11

In order to confirm the huge influence of the work function of the back electrode on the
performance of solar cell, copper was used as the back electrode. As can be seen in Figure 35,
cells with copper as the back electrode exhibit bad performance in both Voc and Jsc, which
indicates that the work function of the cathode is a crucial role in the cell performance.93
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Figure 35. Cells with copper as the back electrode. 11

3.4 Conclusion
Due to its high work-function that is very close to that of gold, the results indicates that nickel
can be used as alternative to the expensive gold as the back electrode in perovskite solar cells.
Solar cells with nickel as back electrode yield similar Jsc, Voc and efficiency to the gold back
electrode cells. Nickel back electrode cells can reach efficiency as high as 10.4%. By
increasing the thickness of the nickel layer, the low FF from the high series resistance of the
nickel back electrode can be remedied. The application of nickel as back electrode shows a
different solution for high efficient and low cost perovskite solar cells.
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CHAPTER 4
PSEUDOHALIDE: MOISTURE TOLERABLE PEROVSKITE MATERIAL BASED ON
LEAD THIOCYANATE FOR SOLAR CELL
4.1 Introduction
Although perovskite-type CH3NH3PbX3 solid solar cells show success in boosting efficiency,
they are facing several critical challenges, including the stability,57,58 the environmentally
hazardous lead,30 the costly complex organics in the HTM layer17,31 and the use of precious
metals as back cathode.15,16 Efforts have been made to replace the lead with non-toxic tin,30,94
organic HTM with cheaper inorganic HTM,17 and noble metal Au with cheaper metals, such
as Ni.11 Particularly, perovskite materials decompose in moist air,58,95,96 which is the main
barrier to its future commercialization. Only a few efforts to improve the stability of
perovskite material, such as using FAPbI3 instead of MAPbI378,97 and changing the
morphology of perovskite material,98 have been reported. A fundamental chemical innovation
in perovskite materials by replacing halogen ions with pseudohalide ions is reported.

It is known than pseudohalides have similar chemical behaviors and properties to true
halides.99 We developed a new perovskite material CH3NH3Pb(SCN)2I for perovskite solar
cells by replacing two iodides in CH3NH3PbI3 with two thiocyanate ions. Two thirds of the Iin traditional CH3NH3PbI3 has been replaced by the pseudohalide ion SCN-, as illustrated in
Figure 36.
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4.2 Experimental

4.2.1 Preparation of Pb(SCN)2
10 ml Pb(BF4)2 aqueous solution (Alfa Aesar, 50% w/w) and 3.5g NaSCN (Sigma-Aldrich)
in DI water were mixed. The precipitate was washed with DI water.
4.2.2 Synthesis of CH3NH3I
19.5 ml Methylamine (40 wt % aqueous solution, Sigma-Aldrich) was added to 32.3 ml
hydroiodic acid (57 wt % aqueous solution, Sigma-Aldrich) slowly in an ice bath with
stirring for 2 hrs. After extraction in a rotary evaporator at 50℃, the brown product was
filtered and washed by diethyl ether to yield white powder. Purification was conducted by
recrystallization in ethanol and diethyl ether.32
4.2.3 Preparation of precursors for CH3NH3PbI3 and CH3NH3Pb(SCN)2
0.289g of PbI2 (Sigma-Aldrich) and 0.1g CH3NH3I were dissolved in 0.52 ml γ-butyrolactone
(Sigma-Aldrich) at 60 oC to produce the precursor perovskite solution.32

0.203g Pb(SCN)2 and 0.15g CH3NH3I were dissolved in 0.6ml DMF(Sigma-Aldrich),
38.2%wt.

4.2.4 Hole transport material (HTM) layer
The

HTM

layer

was

prepared

according

to

literature

procedures.32

2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spiro-bifluorene

92

mg

(spiro-MeOTAD,

Shenzhen Feiming Science and Technology Co. Ltd), 7.2 mg Lithium bis-trifluoromethane
sulfonamide (Sigma-Aldrich), and 12 mg 4-tert-butylpyridine (Sigma-Aldrich) were
dissolved in 1 ml chlorobenzene (Sigma-Aldrich).
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4.2.5 Fabrication of perovskite solar cells
Spin coating of the perovskite precursor was done with 2000 rpm for 1 min in dry air,
followed by annealing at 105℃ for 10 minutes (CH3NH3Pb(SCN)2I was annealed under
vacuum). HTM was spin coated at 2500 rpm. THE Thermal coating of 80 nm Au film was
done on an Edward 306A thermal evaporator.

4.2.6 Characterization
A potentiostat (Gamry Reference 600) and a solar simulator (Photo Emission Inc. CA, model
SS50B) were used to acquire the current density-voltage (J-V) curves at 200mV/s. Scanning
electron microscope (SEM) images were taken on a Tescan SEM (model Vega II SBH).
Diffusive reflectance of the devices was measured on a Filmetrics F20-ExR thin film analyser
with an integrating sphere. Energy Dispersive Spectrometry (EDS) was measured on the
SEM equipped with an INCAx-act Analytical Standard EDS Detector (Oxford Instruments).
FTIR spectra were taken on an ATI Mattson instrument.

4.2.7 Band gap energy calculation
For the direct transition, the band gap can be obtained by the Tauc equation:
α h ν = A( h ν − E g ) 1 / 2

Refection (R) was transformed into the Kubelka-Munk function F(R∞) by the following
equation:
F ( R∞ ) =

(1 − R ∞) 2 α
=
2 R∞
S

56

Where α and S are the K-M absorption coefficient and the scattering coefficient,
respectively, R∞ =Rsample/Rstandard, and A is a constant. The correlation of ( αhν ) 2 and ( hν )
can be transformed into a (F(R∞) hν )2 vs. hν plot. The band gap can be determined by the
x-intercept of the straight line fitted to the linear part of the plot.

4.3 Results and discussion
4.3.1 XRD and structure
The crystal structure of CH3NH3PbX3 perovskite material has been reported. Ligands
between Pb and X form the frame for this type of material.100 During the first step of
degradation in moisture, the frame will remain.96 The stability of the material is related to the
stability of the frame. Lone pairs of electrons from S and N in the linear SCN- ligand can
form stronger, more directional interactions with Pb than the spherical I-, which stabilizes the
frame

structure

of

CH3NH3Pb(SCN)2I.

Improvement

of

moisture

stability

for

CH3NH3Pb(SCN)2I compared with traditional CH3NH3PbI3 perovskite material has been
observed in the accelerated stability test.

Figure 36. Schematic diagram of perovskite structure. Left: 67% iodine replaced by thiocyanate. Right: all
iodine perovskite structure. Red=I, pink=Pb, blue=N, yellow=S, grey=C.101
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The XRD spectra imply that perovskite type CH3NH3Pb(SCN)2I has been formed (Figure 37).
Typical XRD peaks for perovskite CH3NH3PbI3 are at about 2Ɵ = 14, 20, 29, 32, and 41
degrees,47,102,103 which can also be found in the sample we prepared (shown in blue in Figure
37). These peaks are also found in CH3NH3Pb(SCN)2I (shown in red in Figure 37), which
indicate it has a perovskite

type structure. The calculated XRD pattern for

CH3NH3Pb(SCN)2I in pink matches the major XRD peaks from experiment. For comparison,
XRD patterns for Pb(SCN)2 and MAI are also shown as green and black in Figure 37.

Figure 37. XRD of CH3NH3PbI3 and CH3NH3 Pb(SCN)2I perovskite materials. 101

Both CH3NH3Pb(SCN)2I and CH3NH3PbI3’s XRD patterns in air with 95% humidity at
different times are shown in Figure 38. Obvious pattern changes cannot be found for
CH3NH3Pb(SCN)2I even after 4 hours, in comparison with significant pattern changes for
CH3NH3PbI3 at 1.5 hours.
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Figure 38. XRD of CH3NH3Pb(SCN)2I and CH3NH3PbI3 in air with 95% humidity at different times. 101

4.3.2 Accelerated stability tests and band gaps
The accelerated stability tests for perovskite materials were carried out in air with humidity of
95% at room temperature. As shown in Figure 38a, the increase of reflection for CH3NH3PbI3
is due to the decomposition of perovskite structure in moisture.58 Perovskite type
CH3NH3PbI3 started to decompose immediately when exposed to moisture, and most has
been decomposed at 1.5 hours to show the yellow color from PbI2. The reflections doubled
from about 10% to 20%. No substantial reflection increase can be found for
CH3NH3Pb(SCN)2I until after 4 hours of exposure to moisture, when the reflectance has
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increased from about 6% to 8%, as shown in Figure 38b. White color from Pb(SCN)2 also
appeared at 4 hours. An interesting phenomenon was observed that the CH3NH3Pb(SCN)2I
turned back to dark red-brown after the whitened CH3NH3Pb(SCN)2I was moved from 95%
humidity air to 25% humidity air. This change can be repeated many times. In the case of
CH3NH3PbI3, the moisture-decomposed CH3NH3PbI3 cannot turn back into the original form.
CH3NH3Pb(SCN)2I lasts for at least three months at room temperature when the humidity is
below 40%. The photos inset in Figure 39 compare the samples after 30 days.

Figure 39. Perovskite materials accelerated stability test in air with 95% humidity. 101

Due to the decomposition of CH3NH3PbI3 in moisture, the loss of iodine that contributes to
the sharp drop at 450 nm in Figure 39a. In the case of CH3NH3Pb(SCN)2I, shown in Figure
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39b, the absorption of CH3NH3Pb(SCN)2I was extended into the UV due to the n σ*
transition from SCN-. The absorption below 450 nm remains after 4 hours exposure to
moisture, which indicates SCN- is still in the CH3NH3Pb(SCN)2I perovskite structure.

The change of band gaps was determined by plotting the square of the Kubelka-Munk
function F(R∞) times the photon energy( hν ) versus hν .104

As shown in Figure 40a, the band gap for CH3NH3PbI3 is 1.504 eV, which is in accord with
the literature.103,105

It decreased to 1.470 eV at 2.5 hours, which indicates the decomposition

of the perovskite structure of CH3NH3PbI3 in moisture. A wider band gap of 1.532 eV was
observed for CH3NH3Pb(SCN)2I, and it decreases only 0.005 eV after 4 hours of exposure to
95% humidity air, which indicates the perovskite structure of CH3NH3Pb(SCN)2I is almost
unchanged and more stable.

40

1.504
1.493
1.482
1.470

2

0h
0.5 h
1.5 h
2.5 h

CH3NH3Pb(SCN)2I

200

Eg (eV)
h

[F(R∝) ν]

2

[F(R∝) ν]

h

b

CH3NH3PbI3

a
60

150

0h
0.5 h
1.5 h
4h

Eg (eV)
1.532
1.530
1.529
1.527

100

20

50
0
1.48

1.50

1.52
1.54
Energy (eV)

1.56

1.58

0

1.52

1.54

1.56 1.58 1.60
Energy (eV)

1.62

1.64

Figure 40. Tauc plot and band gap changes in accelerated stability test for perovskite materials in air with
95% humidity. 101
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4.3.3 IR and EDS
Thiocyanate has a typical FTIR peak. This peak has been found at around 2050 cm-1 in both
the pure material and the fabricated solar cells, as shown in Figure 41.

Figure 41. FTIR for CH3NH3Pb(SCN)2I material and solar cell. 101

In Table 9, additional sulfur was found in CH3NH3Pb(SCN)2I in Energy Dispersive
Spectrometer studies compared with CH3NH3PbI3. Note that sulfur in CH3NH3PbI3-based
device is originated from the HTM layer that contains lithium bis-trifluoromethane
sulfonamide.
Table 9. EDS analysis of perovskite material. 101
S

I

I:S

atomic%

atomic%

atomic

CH3NH3PbI3 -1

0.16

4.79

29.94

CH3NH3PbI3 -2

0.19

3.31

17.42

CH3NH3PbI3-3

0.55

9.74

17.71

CH3NH3Pb(SCN)2-1

0.45

1.57

3.49

CH3NH3Pb(SCN)2-2

0.46

1.72

3.74

CH3NH3Pb(SCN)2-3

0.59

1.83

3.10

Cells
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4.3.4 Performance of CH3NH3Pb(SCN)2 in solar cell
Solar cells were made based on the perovskite CH3NH3Pb(SCN)2I. Solar cells based on
CH3NH3PbI3 were made at the same time using the same procedures.

SEM images of cross-section for the solar cells with CH3NH3PbI3 and CH3NH3Pb(SCN)2I as
PV active materials are shown in Figure 42a and 42b , respectively. Both of them have about
500 nm thick TiO2 with active perovskite material and 200 nm thick HTM. No obvious
differences can be seen between these two solar cells.

As shown in Figure 42c and 42d, different crystal morphologies can be seen from the
top-view SEM images for these two solar cells. Star shape perovskite can been seen in Figure
42c for CH3NH3PbI3 and particle crystal perovskite can been seen in Figure 42d for CH3NH3
Pb(SCN)2I.

Figure 42. SEM images of perovskite solar cells. (a) cross-section of CH3NH3PbI3 based solar cell; (b)
Cross-section of CH3NH3Pb(SCN)2I based solar cell; (c) Top-view of CH3NH3PbI3 based solar cell; (d)
Top-view of CH3NH3Pb(SCN)2I based solar cell. 101
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Figure 43 shows the J-V curve of a solar cell based on CH3NH3Pb(SCN)2I, which has a lower
current density compared to solar cells based on CH3NH3PbI3 (15.1 and 21.1 mA/cm-2,
respectively). The CH3NH3Pb(SCN)2I solar cell has better Voc and FF, 0.87 V and 0.63
compared with 0.80V and 0.52 for the CH3NH3PbI3 solar cell. The overall efficiencies are
similar: 8.3% for the CH3NH3Pb(SCN)2I solar cell and 8.8% for the CH3NH3PbI3 solar cell.

The shunt resistances and series resistances are calculated based on the J-V curve as shown in
Table 10. A lower series resistance of 19.1 Ω was observed for the CH3NH3PbI3 solar cell,
which can explain the higher current density. The higher FF for the CH3NH3Pb(SCN)2I solar
cell is attributed to the almost doubled shunt resistance of 981.7 Ω.

Figure 43. J-V curves of perovskite solar cell based on Pb(SCN)2 perovskite material. 101
Table 10. Photovoltaics performance of solar cells based on CH3NH3 Pb(SCN)2I perovskite material. 101
Jsc
Cells

Voc

FF

η

Rsh

%

Ω

Rs
Ω

mAcm-2

V

21.1

0.80

0.52

8.8

555.0

19.1

CH3NH3 Pb(SCN)2I 15.1

0.87

0.63

8.3

981.7

31.4

CH3NH3PbI3

Notes : Rsh is Shunt resistance of solar, Rs is series resistance.
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Stability tests have been carried out in air. The J-V curves for the cell made with
CH3NH3Pb(SCN)2I on the 1st day and on the 14th day, and the cell made with CH3NH3PbI3
on the 1st day and on the 7th day, are shown in Figure 44. As can be seen, the efficiency of the
CH3NH3PbI3 cell dropped from 8.8% on the 1st day to 6.9% on the 7th day; in contrast, the
efficiency of the CH3NH3Pb(SCN)2I cell only dropped from 8.3% on the 1st day to 7.4% on
the 14th day (Table 11), exhibiting much better stability than the CH3NH3PbI3 cell.

Figure 44. Stability of PV devices for CH3NH3Pb(SCN)2I and CH3NH3PbI3. 101
Table 11. Stability of solar cells. 101
Jsc
Cells

CH3NH3PbI3

CH3NH3 Pb(SCN)2I

Voc

Day

η
FF

mAcm-2

V

day 1

21.1

0.80

0.52

8.8

day 7

17.4

0.77

0.52

6.9

day 1

15.1

0.87

0.63

8.3

day 14

13.6

0.86

0.63

7.4

%
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4.4 Conclusion
In conclusion, a new material CH3NH3Pb(SCN)2I for perovskite solar cell was developed.
The new material with pseudohalides shows excellent moisture stability, more than twice that
of CH3NH3PbI3.
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CHAPTER 5

ELECTROCHROMISM (EC)

5.1 Introduction
Smart materials are materials that have one or more properties that can be significantly
altered in a controlled fashion by external stimuli, such as stress, temperature, moisture, pH
and electric or magnetic fields. Smart materials cover a wide and developing range of
technologies. A particular class of smart materials, known as chromogenic materials, is
receiving special interest, as they are optically active with controllable transmittance,
absorption and reflectance when an external field is applied.106 Chromogenic effects include
electrochromism, suspended particle electrophoresis, polymer-dispersed liquid crystals,
electrically heated thermotropics, and gasochromics.
Electrochromic smart windows are able to change their transmittance of light and solar
energy by electrical charging/discharging, thereby providing a comfortable indoor climate
together with improved energy efficiency. The advantage of electrochromic materials over
the other chromogenics materials are:106
- Low energy consumption because electricity is only needed during the switching process
- Low switching voltage (1 to 5 V)
- Different colors (blue, grey, brown, etc)
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We previously reported the enhanced electron extraction for dye-sensitized solar cells by
converting the conventional flat 2-D FTO glass to 3-D nanoarchitectured FTO electrodes, on
which a conformal TiO2 layer is coated. As such, the slow diffusive electron transport in TiO2
layer is largely replaced by the drift-assisted transport in FTO due to the high doping level
and high electron mobility in 3-D FTO.75 Employing a similar strategy, we demonstrate
herein low voltage-driven (< 1.2V) and fast-switching (< 300 ms) solid electrochromic cells
based on conductive 3-D FTO nanobeads electrodes.
5.2 Experimental
5.2.1 Preparation of FTO nanobeads
In a typical preparation process of FTO hollow nanobeads, 24 mg of SnCl2·2H2O, 4.5 mg of
NH4F and 450 μl water were mixed and magnetically stirred for 2 hours. Then, 275 μl 200
nm PS suspension was added in the mixture, followed by stirring for 24 hours. 50 μl of the
resulting suspension was spread on 1.0 inch ×1.0 inch commercial FTO substrate with scotch
tape to define the area. The samples were dried at room temperature overnight, following by
2 hours at 170℃, 3 hours at 340 ℃ and 2 hours at 450 ℃ with heating rate 1 ℃/min. This
process yields approximately 15-20 μm 3-D FTO hollow nanobeads film. The samples were
then treated at 300 ℃ in argon for 30 min to improve the electrical conductivity with a
temperature rising rate of 1 ℃ /min.
5.2.2 Preparation of PMMA-P(VAc-MA)+LiClO4-based sol-gel electrolytes
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0.13g of polymethyl methacrylate (PMMA) and 0.28g copolymer of polyvinylacetate (VAc)
methyl acrylate (MA) was dissolved in 1ml propylene carbonate. 0.1g LiClO4 was added in
the polymer solution and stirred overnight.
5.2.3 Electrochromic Characterization
A square wave voltage was supplied by a function generator (Agilent 33220A) to powder the
EC devices. The voltage can be switched on from 0V to a given value between ±5V within 50
ns. The period of the alternating square wave voltage can be set for different values as needed
such as 8 s, 4 s, 2s, 1s, 0.5s and 0.3s used in our tests.
Plots of reflection vs. time of the EC devices was measured by the strip-chart function on an
UV-Vis (Ocean Optic USB2000). The optical probe was placed on a sample holder and
attached on the surface of the devices.
Temperature dependent measurements were conducted by placing the EC devices in a car
cooler (Wagon Tech) that can adjust the temperature between 3-70℃. A thermocouple was
taped onto the surface of the devices to precisely record the actual sample temperature.
5.3 Results and discussion
5.3.1 Structure of electrochromic device
The electrochromic device structure is shown in Figure 45. Hollow 3-D FTO nanobeads
(~200 nm in diameter) has been sintered on a flat FTO glass as one electrode, and another flat
FTO glass acts as a counter electrode. Ethyl 4, 4'-bipyridium di-iodide (viologen) was used as
the EC material for the high stability of viologen coloration state (over 10 years).107 The
viologen molecules can be absorbed on both the inner and outer surfaces of our FTO
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nanobeads electrode due to the small apertures (50 nm) on each FTO nanobead, which also
allows the infiltration of the PMMA-P(VAc-MA)+LiClO4 based sol-gel electrolytes
thereafter. Herein, PMMA=polymethyl methacrylate, and P(VAc-MA)=poly
and

methyl

acrylate).

The

FTO

nanobeads

electrodes

were

(vinylacetate

prepared

by

a

morphology-controllable and template-assisted evaporative co-assembly method reported in
our previous work and also briefly described in the experimental section.108

Figure 45. Schematic diagram of an electrochromic cell based on 3-D conductive FTO Nanobeads
electrodes. V2+: viologen2+ (decolored), V+·: viologen radical ion (colored). 68

The approach we used is fundamentally advanced over current efforts of alternating the
morphology of docking materials from TiO2 or ZnO nanoparticles to nanowires and other
nanostructures.109-111

In particular, FTO has a high conductivity over >103 S/cm, (107 times

greater than TiO2 nanoparticle film)112 due to its high carrier concentration (>1020 cm-3) and
carrier mobility(65 cm2V-1s-1).113
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5.3.2 Characterization of SEM images
An SEM top view of the FTO nanobeads film is shown in Figure 46a. The cross-section of
FTO nanobeads on ITO glass is shown in Figure 46b, indicating that the thickness of FTO
nanobeads layer is about 18 µm. Figure 46c is a magnified SEM image of the FTO nanobeads
with apertures of about 50 nm resulting from the release of gaseous species from the
decomposed templating polystyrene nanobeads calcinated at 450℃.108 These openings offer
passages for the sol-gel electrolytes to pass through. An SEM image of FTO beads after
viologens were absorbed is shown in Figure 46d. Our previous N2 adsorption/desorption
isotherms study shows that the BET surface area of 200nm 3-D FTO nanobeads is 53 m2/g,108
and the measured mass per unit projected area of the FTO nanobeads film with a thickness of
18 µm is ~1 mg/cm2. Thus, the surface roughness factor (effective surface area/projected
substrate area) of this 18 µm thick FTO nanobeads film is over ~530. The sheet resistance of
the film was measured to be 27 Ω/square indicating the excellent conductivity of our
nanobeads electrodes in comparison to the MΩ/square level of TiO2 nanoparticle electrodes.
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Figure 46. SEM images of 3-D conductive FTO hollow nanobeads. (a) Topview; (b) Cross-section; (c)
Magnified image of individual FTO nanobeads; (d)FTO nanobeads coated with viologen. 68

5.3.3 Characterization of electrochromic response
An alternating square-wave voltage supplied by a function generator was used to drive the
EC cell, which is capable of alternating the polarity of voltage with a time resolution of 50 ns.
The rate of the color change driven by the applied voltage, i.e. the electrochromic effect, can
be characterized by measuring the time-resolved reflectance (at a resolution of 20 ms) of the
EC cell at 580 nm, around which the first reduced state of viologen exhibits a wide
absorption band.63,110 The lowest coloring voltage 0.8 V was observed, which is very close to
the first reduction for most of alkyl substituted viologens V2+ V+·.114 Figure 47a indicates
the real-time reflectance of the EC cell at 580 nm vs. time driven by different square wave
voltages (±0.9 V, ±1.2 V and ±2.0 V).

At -0.9 V(the negative voltage is defined as when the

FTO nanobeads electrode is negatively biased, and the flat counter electrode is positively
biased) with periods of 8 s, 4 s, 2 s, and 1 s, the EC cell shows a Δ6.1% reduction in
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reflection between fully de-colored and colored state. Further shortening the periods
decreases the change of reflectance to 5% at period=0.5 s. Δ6.7% and Δ8% reflectance
changes were observed between de-colored and colored states at a driving voltage of -1.2 V
and -2 V, respectively. Due to single-wavelength and single reflection angle measurement,
the absolute change of the reflectance is not high. However, the digital image clearly shows
the change of color from pale yellow to blue. The blue strips in the digital image in Figure
47a are in the colored state (size= 10 mm×3 mm).

Figure 47. (a) Reflection at 580 nm at different driving voltages. (b) Response time analysis of EC cells. 68

The response times of the coloring and de-coloring processes at ±0.9 V are shown in Figure
47b. We adopt the response times with respect to the 75%, 85% and 95% of the full color or
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de-color change to assure a fair comparison with literature reported response times of the flat
FTO electrode-based EC cells. 65

，115

The response time is ~270 ms for reaching 75% coloring

state and ~400 ms for reaching 75% de-coloring state at -0.9 V, respectively. In contrast to
the 2~3 s response time of the conventional EC cells using TiO2 nanoparticles as the dye
anchoring layer,63,73 the response time is only 540 ms and 861 ms respectively even for 95%
coloring and de-coloring state.
5.3.4 Temperature-dependent and reversibility
We also conducted temperature-dependent studies on the response time of the EC cells, the
resistance of the 3-D FTO nanobeads electrode, as well as the resistance of the polymer
electrolytes.
Table 12. Response time vs temperature defined at different change of percentage.68
Temp/K

Tco/ms

Tde/ms

Tco/ms

Tde/ms

Tco/ms

Tde/ms

75% Co

75% De

85% Co

85% De

95% Co

95% De

279.55

532

1040

803

1533

1230

2327

287.55

422

604

689

937

931

1216

296.65

272

400

373

609

540

861

307.65

216

429

332

385

422

854

317.75

137

266

240

385

359

528

327.55

117

167

194

221

275

353

Tco: response time of coloring process, Tde: response time of decoloring process
Co: coloring, De: decoloring

This work provides insights to pinpoint the rate-limiting steps of the EC process in our EC
cells. The Arrhenius plot of response time (at 75% color change) increases as temperature
decreases with a slope of 2.99, as shown in Figure 48a. As a comparison, the Arrhenius plot
of resistance of polymer electrolytes, (which reflects the ionic mobility, i.e. kinetics, since ion
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concentration remains constant) increases as temperature decreases at a slope of 2.89, due to
the decrease of ion mobility at lower temperature.116 As can be seen, the resistance of our 3-D
FTO nanobeads electrode (slope=0.56) has much less temperature dependence than the EC
cell response time and the mobility of polymer electrolytes. Since the slope of the Arrhenius
plot of response time reflects the kinetic activation energy of the EC process, while the
overall EC process involves three steps, including electron transport in the FTO nanobeads
layer, ion transport in polymer electrolytes and the redox reaction of the viologen, the
comparison of the slopes of the Arrhenius plots indicates that the response time of our EC
cells is mainly limited by the relatively slow ion transport in the electrolytes, instead of the
electron transport in our 3-D FTO nanobeads electrodes.
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Figure 48. (a) Arrhenius plots: response time of coloring at different temperature at -0.9 V. (b)
Reversibility test of EC cells. 68

As shown in Figure 48b, reversibility of the EC cell was studied by cycling the cells at ±0.9
V. No obvious decrease of performance was observed after more than 3700 EC cycles.
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5.4 Conclusion
We show that our conductive 3-D FTO nanobeads electrodes can significantly reduce the
response time of EC cells to less than 300 ms, a factor 10 improvement over the conventional
solid-state EC cells using TiO2 nanoparticle film on a planar FTO electrode. Meanwhile, the
driving voltage can be reduced to less than 1.2 V, and the EC cells show excellent
reversibility and stability after nearly 4000 cycles. In perspective, the fast electron transport
in our 3-D conductive nanobeads electrodes provides a feasible way to overcome the
persistence of vision for future sun-light readable and low-energy driven EC display
technology as well as other electrochemical processes.
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CHAPTER 6
FUTURE WORK
6.1 Optimize the density of TiO2 NWs
We optimized the length of TiO2 NWs for perovskite solar cell and we found the best length
is 900 nm. On the other hand, optimization of the density of TiO2 NWs in unit area is as
important as optimization of the length. More TiO2 NWs in the unit area on electrode will
reduce the loading photo active layer perovskite material, which relates to the current density
directly. The best TiO2 NWs density should be optimized to ensure both good charge
transport and large perovskite loading.
6.2 Explore cheaper way to make counter electrode
Both the thermo coating and sputter coating require an ultra-high vacuum system, which
increases the cost to make perovskite solar cells. Meanwhile, only a small portion of metal is
coating to solar cells. Cheaper and more efficient ways to make the counter electrode are
needed to reduce the cost.
6.3 Increase the efficiency for thiocyanate based perovskite solar cell
The efficiency for thiocyanate perovskite solar cells is still low. Crystal engineering is needed
to get better crystallinity for thiocyanate perovskite material. Although thiocyanate perovskite
material is more stable than traditional perovskite material, a perovskite solar cell is still far

77

away from application. Cheaper, less moisture sensitive and more stable HTM is highly
desired for perovskite solar cells.
6.4 Transparent electrodes for electrochromic devices
Our work brought down the driving voltage for viologen-based electrochromic devices.
While the conductive FTO-beads electrode is for reflective type devices, transparent type
electrodes are required in many cases, such as smart windows.
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